To better understand why a knee develops osteoarthritis after joint trauma we need to assess the local biochemical changes. Unfortunately, it is challenging to obtain synovial fluid from a knee with no effusion. Objective: To describe the authors' protocol for aspirating synovial fluid from noneffused knees. Second, they demonstrate the validity of this method by evaluating the relationships between normalized and raw biomarker concentrations among knees with effusion (undergoing a traditional aspiration) and without effusion (requiring a saline-assisted aspiration). Design: Validation study based on secondary analyses from 2 cohort studies. Setting: Outpatient orthopedic clinic and basic-science laboratory. Participants: Participants had moderate to severe radiographic knee osteoarthritis (n = 15 with and 11 without effusion) and no osteoarthritis or effusion (n = 4). Interventions: The same orthopedic surgeon performed all synovial-fluid joint aspirations, including saline-assisted aspirations. Main Outcome Measures: The authors used multiplex enzyme-linked immunosorbent assays to determine 7 synovial-fluid biomarker concentrations. They then calculated correlations between raw and normalized (to total synovial-fluid protein content) biomarker concentrations. Results: The authors excluded 1 sample collected with a saline-assisted aspiration because it contained blood. Normalized biomarker concentrations had positive associations with raw biomarker concentrations (r = .77-.99), with the exception of interleukin-13 and interleukin-1β among knees that underwent a saline-assisted aspiration. Excluding interleukin-1β, associations between normalized and raw biomarker concentrations were consistent between knees that had a saline-assisted or traditional aspiration. Conclusions: Saline-assisted aspiration is a valid technique for assessing the local biochemical changes in knees without effusion.
Individuals with a history of joint trauma are 3 to 6 times more likely to develop knee osteoarthritis (OA). 1, 2 Furthermore, patients with a history of joint trauma are often diagnosed with OA 10 years earlier than individuals without a history of joint trauma. 3 Many patients with a history of joint trauma will be burdened by OA for more than half their lives.
Sports-medicine clinicians are uniquely positioned to slow or prevent the onset of OA, but this can only be accomplished if we improve our understanding of why knees progress to OA after joint trauma. Blood or urine tests for OA-related changes, which are common in OA research, may be informative, but they can be influenced by other tissues outside the joint. 4 It would be ideal to study local biochemical changes within the joint, but, unfortunately, it is challenging to obtain synovial fluid from a knee with no effusion. Accordingly, we started using a protocol to collect synovial fluid from knees without effusion using a saline-assisted aspiration. Our protocol entails incremental injections of saline to facilitate a joint aspiration. Another research team also developed a similar aspiration protocol, but their technique uses a single 10-mL saline injection. [5] [6] [7] Their approach may increase the risk of diluting the sample with too much saline.
The purpose of this technical report is to describe our aspiration protocol and demonstrate its validity by evaluating the relationships between raw and normalized (to total synovial-fluid protein content) biomarker concentrations among knees with effusion (traditional aspiration that required no saline to aspirate) and without effusion (saline-assisted aspiration). Our hypothesis was that the technique would not interfere with the relationship between raw and normalized concentrations since the normalized concentrations are derived from the raw www.JSR-Journal.com TECHNICAL REPORT 9 concentrations. If we reject this hypothesis then it may indicate that the saline-assisted aspiration is influencing the ratio of raw biomarker concentrations and total protein content of the sample. This protocol could be a valuable method to study the local biochemical changes over time in knees with a history of trauma and how these changes are influenced by rehabilitation and other interventions.
Methods

Participants
We performed a secondary analysis on data from 2 crosssectional studies that evaluated samples of convenience. 8, 9 Participants had knees with radiographic OA (n = 15 with and 11 without effusion; Kellgren-Lawrence grade = 3 or 4 10 ) or no OA or effusion (n = 4; Kellgren-Lawrence grade = 0 10 ). We defined knee effusion based on a physical knee examination and a successful synovial-fluid aspiration without injecting sterile saline, both of which were completed by the study physician, who is a boardcertified orthopedic surgeon (E.B.). For this report, we focused on whether the physician needed to perform a saline-assisted aspiration to collect synovial fluid. We have described specific details of these participants in previous reports. 8, 9 
Synovial-Fluid Aspirations From Knees With Effusion (Traditional Aspiration)
The physician used a standardized procedure to aspirate the synovial fluid from knees with effusion. Briefly, the physician inserted an 18-to 21-gauge 3.81-cm disposable needle with a 20-mL syringe into the lateral suprapatellar region of the knee. The physician then aspirated as much synovial fluid as could be drawn, to alleviate knee symptoms, followed by visually inspecting the fluid (turbidity and color). Irregular samples (based on turbidity and color) were excluded and sent for clinical follow-up. A small amount (0.5-2.0 mL) of the aspirated synovial fluid was stored for research purposes.
Synovial-Fluid Aspiration From Knees Without Effusion (Saline-Assisted Aspiration)
The same process as for the knees with effusion was used to aspirate synovial fluid from the knees without effusion with 1 exception. After the needle was inserted, the physician injected sterile saline into the knee. Saline was an ideal solution because it is commonly used as a placebo injection and not associated with long-term negative outcomes. 11 In the first 6 participants with no knee effusion (4 healthy normal knees and 2 OA knees), the physician injected 2 mL of saline in a 5-mL prefilled syringe and then attempted an aspiration. If the aspiration was not successful (no fluid was recovered) the procedures were repeated with another 2 mL of saline injected until fluid with the color of synovial fluid was aspirated. A total of 4 to 14 mL was injected to recover a synovial-fluid sample. The last 9 OA knees without effusion were injected once with 15 mL of sterile saline followed by an aspiration. We temporarily adopted this 15-mL saline-injection protocol based on a desire to save time (patient burden) and our prior experience that up to 14 mL was needed to acquire a synovial-fluid sample. At the conclusion of that study, we abandoned the single 15-mL saline injection for our incremental approach based on concerns that the minimal time saved was not worth the risk of overly diluting the synovial-fluid samples. Throughout the procedure the physician encouraged the participant to relax and keep the knee still to minimize discomfort. The needle remained in the knee and only the syringe was changed at each step, thus avoiding the discomfort of multiple needle insertions. This also reduced the risk of infection and skin contamination from the needle penetration in the synovial-fluid samples. The physician applied a posterior pressure to the suprapatellar region and glided his hand laterally toward the needle as he aspirated as much fluid as could be drawn. A demonstration of these procedures is provided in supplementary videos: joint-aspiration procedures, part 1 and part 2. Samples (0.5-2.0 mL) were placed in a sterile cryovial. At the conclusion of each datacollection session, an investigator transported samples on ice within 20 minutes for long-term storage in a -80°C freezer. Since the first 8 samples were frozen in dry ice immediately after aspiration, we did not centrifuge the samples because we wanted to avoid a freeze-thaw cycle. All samples were vortexed before analyses to uniformly distribute the biomarkers in the sample.
Analytical Methods
An independent testing service evaluated all of the samples (Aushon Biosystems, Inc, Billerica, MA, USA). This testing service analyzed 7 knee synovial-fluid biomarker concentrations (see Table 1 ) with a custom multiplexsandwich ELISA (SearchLight chemiluminescent array kits). We previously reported additional details about the validity of these assays. 9 One investigator (M.A.) analyzed separate samples for total protein content using a bicinchoninic acid assay (Thermo Fisher Scientific, Rockford, IL, USA). The investigator performed the bicinchoninic acid assays blinded to effusion status. Since synovial fluid collected by saline-assisted aspiration is diluted by an unknown volume, we normalized raw synovial-fluid biomarker concentrations (pg/mL) to total synovial-fluid protein content (μg/mL), which should be lower with greater dilution of the sample.
Statistical Analysis
Total synovial-fluid protein content was normally distributed; however, none of the individual synovial-fluid biomarker concentrations (raw or normalized data) were normally distributed. An independent t test was used to determine if a significant difference existed in total synovial-fluid protein content between knees with and without effusion. Spearman rank correlations were used to assess the within-participant relationships among raw and normalized synovial-fluid biomarker concentrations. All statistics were performed with SAS 9.3 (SAS Institute, Cary, NC). We defined group differences in correlation coefficients between normalized and raw biomarker concentrations based on differences between z-score transformations of the correlation coefficients. 12
Results
One sample from an OA knee without effusion (with a saline-assisted aspiration) had minor blood contamination and represented a statistical outlier, resulting in its removal from further data analyses. We found no other irregular samples. Mean total synovial-fluid protein content for the knees with saline-assisted aspirations (n = 14) was 20.4% of the knees with traditional aspiration (n = 15; P < .0001). All of the samples had detectable total protein content, indicating that synovial fluid was present in all of the saline-assisted aspiration samples. Additional descriptive characteristics of the normalized and raw concentrations are provided in Table 1 . Correlation coefficients between normalized and raw concentrations are presented in Table 2 . Normalized biomarker concentrations had strong positive associations with raw biomarker concentrations, with the exception of IL-13 and IL-1β, among knees that underwent a salineassisted aspiration. All of the correlation coefficients between normalized and raw synovial-fluid concentrations were consistent between knees that underwent a traditional or saline-assisted aspiration except for IL-1β.
Discussion
Using the saline-assisted aspiration, we were able to detect biochemical markers in every knee without effusion, which demonstrates that this method can recover synovial-fluid samples in every knee. However, 1 knee (out of 15 knees) had blood in the sample, which resulted in it being an outlier and thus excluded from analyses. Except for IL-1β, associations between normalized and raw synovial-fluid concentrations were consistent between knees that underwent a traditional (no saline) or saline-assisted aspiration. Based on these findings the saline-assisted aspiration of synovial fluid may be a valid strategy for assessing knees lacking effusion. However, investigators should calculate correlations between the raw and normalized concentrations to ensure that the normalized concentrations reflect the intended data.
Both groups had similar relationships between normalized and raw concentrations, with the exception of IL-1β. It is unclear if the different IL-1β correlations between groups were related to a physiological distinction between groups, methodology, or chance. IL-1β may be most influenced because it is commonly cell-bound rather than soluble. The saline-assisted aspiration may not recover a similar cell count (number of cells per mL of sample) compared with traditional aspirations. Therefore, concentrations of cell-bound proteins (eg, IL-1β) may be underestimated among synovial-fluid samples acquired with a saline-assisted aspiration compared with a traditional aspiration. Cell counts on the saline-assisted aspiration samples (normal knees) were attempted but could not be completed due to a lack of cells (data not shown). Future research needs to explore the influence of saline-assisted aspirations compared with traditional aspirations on cell counts and how this influences protein concentrations. A solution to this theory is to centrifuge samples from knees with and without effusion to remove the cells and use the most sensitive detection kits available. Based on these findings it would be advisable for investigators to examine the associations between normalized and raw concentrations to ensure that their data are representative of the intended raw concentrations. Since saline-assisted aspirations are the only outpatient method to collect synovial fluid from knees without an effusion, normalized concentrations with weaker correlations to raw concentrations should still be reported but with a description of these correlations. More research is needed to explore the validity and clinical implications of normalized concentrations with weaker correlations to raw concentrations.
Another important insight from this study was that we detected IL-1β and IL-10 in all of the normal knees (no OA or effusion) but not some of the knees with OA and no effusion. This may be because all of the samples from normal knees were acquired with incremental injections of 2 mL of saline, instead of a single 15-mL injection. The single injection may have caused those samples to be overly diluted, which provides evidence that we need to adopt methods to minimize diluting synovial-fluid samples (eg, saline-assisted aspirations). Other investigators have recently introduced a saline-assisted aspiration with a single 10-mL saline aspiration, 5-7 but we believe that the incremental technique may minimize the dilution of aspirated synovial fluid and should be used in all future studies.
In conclusion, saline-assisted aspiration of synovial fluid from knees lacking effusion may be a valid technique to collect synovial fluid. However, it is important for investigators to anticipate that a few samples may be contaminated with trace amounts of blood and to perform aspirations incrementally with 2 mL of sterile saline. We believe the incremental saline-assisted aspiration is advantageous because it may minimize the risk of overly diluting the sample. This technique can be complemented by normalizing the data to total protein content, which requires no additional time or burden to a participant, or based on prior approaches that require a blood draw. [5] [6] [7] Future research should report the association between normalized and raw concentrations, centrifuge samples, and explore the clinical implications of normalized concentrations with lower correlations to raw concentrations. Two knees had undetectable IL-1β (n = 13). b Normalized IL-1β (r = .73, 95% CI = .09-.93, n = 9) and IL-10 (r = .88, 95% CI = .52-.97, n = 10) were only detectable in a limited number of knees without effusion and therefore are presented separately and only among those with detectable limits.
